 ............................................................................................................. 4   1. Introduction and Process .................................................................................................... 8 
Food Web
 Regulation of Export ........................................................................................ 12 
Executive Summary
The net transfer of organic matter from the surface to the deep ocean is a major characteristic of ocean food webs. The combination of biological, physical, and chemical processes that contribute to and control this export is collectively known as the "biological pump", and current estimates of the global magnitude of this export range between 5 -12 Pg C yr -1 . This material can be exported as dissolved or particulate material, and many of the biological processes that regulate the composition, quantity, timing, and distribution of this export are poorly understood or constrained. Export of organic material is of fundamental importance to the biological and chemical functioning of the ocean, supporting deep ocean food webs and controlling the vertical and horizontal segregation of elements throughout the ocean. Remineralization of exported organic matter in the upper mesopelagic zone provides nutrients for surface production, while material exported to depths of 1000 m or more is generally considered to be sequestered -i.e. out of contact with the atmosphere for centuries or longer.
The ability to accurately model a system is a reflection of the degree to which the system is understood. In the case of export, semi-empirical and simple mechanistic models show a wide range of predictive skill. This is, in part, due to the sparseness of available data, but also our inability to accurately represent, or even include, all relevant processes (sometimes for legitimate computational reasons). Predictions will remain uncertain without knowledge and suitable representations of the relevant biological processes affecting export.
Participants of the Biology of the Biological Pump Workshop in February 2016 were charged with producing a prioritized list of research areas that hold the promise of making significant advances in our understanding of the biological processes regulating organic matter export and its consumption in the oceans. Participants ended up with an ordered list of 10 research priorities, which were further aggregated into three broad research themes (in order of importance):
(i) Food web regulation of export (ii) The dissolved-particulate continuum (iii) Variability in space and time Although presented as three separate themes, there are myriad connections and relationships among them. For example, spatial-temporal variability plays a role in both food web regulation of export and in understanding the dissolved-particulate continuum. Underlying all themes was the concern that, without understanding these processes, we cannot predict how they might respond to global climate change, and consequently how oceanic export might change in the future. Additionally, we recognized that new technological and methodological developments over the last decade have created opportunities for significant advancement in all of these research areas.
Food web regulation of export was both the most important research theme to emerge and the most complex, containing three high-priority research areas: (i) linking food web complexity to export flux; (ii) trophic interactions, behaviors, and metabolism of consumers; (iii) food web controls on production and respiration balance.
(i)
Linking food web complexity to export flux: Recent work (e.g. Guidi et al., 2016) has revealed an urgent need for integrative studies that connect broad, end-to-end food web characteristics to export and export efficiency. Such studies might be able to identify, novel and as yet unquantified pathways to export and new food web components that regulate or constrain export. Little is known about the effects of alternative physiological or life-history strategies on organic matter export. Studies that quantify Quantifying the effects of mixotrophy, symbioses, or crustacean vs. gelatinous zooplankton-dominated food webs on export were suggested as examples of studies in areas that were thought to be important, but where we currently have little knowledge.
(ii) Trophic interactions, behaviors, and metabolism of consumers: Trophic interactions and animal behavior are important controls on organic matter export. Production of sinking fecal pellets by zooplankton and fish plays a key role as these particles often sink rapidly and can have a dramatic effect on export. Consequently, improved understanding and measurement of predator-prey interaction rates and feeding modes is needed.
Organisms previously not associated with carbon export such as radiolarians and foraminifera may also play a significant role in the biological pump (e.g. Guidi et al., 2016) . Similarly, the role of flux feeders and the mechanisms through which they modify carbon export flux need to be quantified. Poorly constrained trophic interactions such as the role of infectious agents (e.g., viruses, parasitoids) in organic matter export were also identified as a high priority research area. Viruses are extremely abundant and transfer material between particulate and dissolved organic matter pools, thereby affecting the export of these components. The role of jellyfish in consuming and repackaging organic matter, as well their own contribution to export through "jelly-falls" remains poorly quantified, even though recent estimates suggest it is important (Lebrato and Jones, 2009 ).
(iii) Food web controls on production and respiration balance: Our understanding of the time and space scales coupling primary production and respiration remains limited by current methodologies and under-sampling. As a result, our predictive understanding of the fate of organic material has substantial uncertainties. Improved technologies should facilitate investigations into how remineralization and consumption are organized within food webs, and how this varies in space and time. The flux of sinking organic matter generally decreases with depth, but our understanding of the biological processes and organisms responsible for this is lacking. Zooplankton consume sinking particles, but also re-package organic matter into fast settling fecal pellets. Vertical migration of zooplankton spatially decouples consumption from fecal pellet production, and studies of the effect of vertical migration on export are also needed. Microbes attached to sinking particles excrete extracellular enzymes that solubilize the organic matter allowing the microbes to consume it. The biotic and abiotic factors controlling the relative importance of these processes for export need further study. The export and remineralization of different elements will vary depending on how they affected by different biological communities. For example, extracellular enzymes are likely to be substrate and element specific, resulting in different remineralization length scales and having significant biogeochemical implications.
The dissolved-particulate continuum refers to those biotic and abiotic processes that transfer material between the dissolved organic matter pool and the particulate organic matter pool. Dissolved and particulate material follow different export pathways that have different characteristic time and space scales; consequently improved understanding of the partitioning and flux between these pools is necessary. Three high-priority research areas were highlighted under this theme:
(i) Dissolved-particulate organic matter continuum and transformations: Particulate material can be transformed into dissolved material through the action of microbially produced ectoenzymes that solubilize particles. Fibrilar macromolecules released by microbes can abiotically form nano-gels that can possibly be incorporated into larger aggregates whilst nano and micro-gels have been hypothesized to be the precursors to transparent exopolymer particles (TEP). We have only a limited understanding of these processes and their consequences for TEP dynamics and the interactions of dissolved and particulate organic matter. Key to understanding these processes is the need for measurements of transformation rates between dissolved and particulate pools.
(ii) Physical and biological controls on aggregate and TEP dynamics: Aggregate formation has long been known to be important for export. However, most research on aggregate formation has focused on the physical processes or particle collision and the production of aggregates. Biological processes such as grazing by zooplankton not only remove particulate material, but also produce new particles with different densities and sinking speeds, thereby affecting export in different ways. Microbial processes can produce TEP, thereby potentially enhancing aggregate formation, as well as solubilize and consume particles. Understanding the factors that control the relative importance of the physical and biological processes affecting aggregation and disaggregation of particles, and marine snow formation emerged as an important research priority.
(iii)
Particle composition and sinking speed: Attempts to develop simple, universal relationships for particle sinking speed have been generally unsuccessful, as have been efforts to measure sinking velocity in situ. However, sinking velocity determines flux attenuation, and understanding the controls on particle sinking speed was thus felt to be a high-priority research area: one example being, how does particle composition (e.g., TEP and mineral content) or age affect particle sinking speed?
Variability in space and time was the third broad research theme identified at the workshop. In particular, an understanding and quantification of biological processes leading to episodic events was felt to be a priority research area. Time-series and satellite measurements provide both localized and global views of production and export. However, time-series measurements suggest export can occur at scales currently difficult to measure. Two high-priority research areas emerged from discussions of this theme:
(i) Quantification and biological understanding of episodic events: Participants identified the spatial and temporal quantification of episodic events as a first-order need. This will require creative methodological developments and observational efforts, including integration of remote and autonomous sensing platforms with shipboard sampling and experiments. Although episodic events can be associated with physical features such as fronts and eddies, biologically-driven episodic events (e.g., salp blooms, jelly-falls, resting cyst formation) presumably contribute to organic matter export, but are largely missed using conventional sampling methods. An improved understanding of the organisms responsible for these events, including their life cycles and the associated processes underlying their distribution is needed.
(ii) Scales of spatial and temporal variability: Biological processes that control export occur over a wide range of spatial and temporal scales, and workshop participants identified a strong need to link these biological processes and drivers to improved assessments of the spatial and temporal variability in export. Variability in the biological pump and its drivers is poorly understood at spatial scales ranging from those of individual microbes and particles to mesoscale physical features, large ocean biomes, and the global biogeochemical patterns that result from this variability. Similarly, a wide range of time scales must be considered, spanning from rapid biological and chemical transformations to seasonal and interannual variations, the ongoing progression of climate change, and paleoclimatic variations.
Although knowledge of the broad features of the biological pump has improved significantly over the past 25 years, there remain large gaps in our understanding of this crucial feature of global biogeochemistry. These gaps reveal themselves in our general inability to balance biogeochemical budgets in the mesopelagic, geochemical and sediment trap derived estimates of flux that differ significantly from each other, the lack of accurate models of global carbon export flux and attenuation with depth, and the range of model predictions for how the biological pump will change under a changing climate.
The ideas presented here have the potential to address these issues, go beyond them, and significantly transform our understanding of the biology of the biological pump. For example, new "omics" technologies applied to the DOM-POM continuum are, for the first time, integrating cell physiology and biogeochemistry thereby allowing cross-scale work relating genomic content and expression with organism phenotypic characteristics and ecosystem functionality. These rapidly evolving technologies increase the power of new trait-based modeling approaches and open a window on organisms and pathways (e.g., viruses, parasites, symbioses, radiolarians etc.) that have not previously been considered important for the biological pump. The development of theoretical and analytical frameworks such as gel theory (for understanding nano-gel formation from precursor macro-molecules), network theory (for understanding and analyzing large data sets), and stochastic models (for understanding episodic events), to name a few, can cast new light on observations relevant to the biological pump and be used to develop new, testable hypotheses. New methodologies for measuring export and reconciling geochemical and sediment-trap estimates will go a long way to transforming our understanding of the biological pump by providing a solid base of reliable observations that any theory or model will have to agree with, and that observations of other aspects of the biological pump can confidently build upon.
The exciting and transformative ideas presented here provide a roadmap for future research. These ideas can be explored individually, or in association with a larger project that can provide context through additional synoptic and process measurements. For example, coupling investigations of episodic events with the planned NASA EXPORTS project to understand carbon flux pathways will provide novel information on life strategies and food-web interactions, provide information for developing stochastic models, and potentially address the fundamental limitations of assuming average or steady-state conditions. Using a program such as EXPORTS to provide contextual information for projects addressing the ideas presented here will have a synergistic effect creating a whole that is greater than the sum of its parts, and have the greatest chance of making rapid, significant, transformative advances in our understanding of the biology of the biological pump.
Introduction and Process
This report summarizes the results of a workshop, The Biology of the Biological Pump, held February 19-20, 2016 at the Hyatt Place Hotel in New Orleans. The need for the workshop was stimulated by the forthcoming NASA EXport Processes in the Ocean from RemoTe Sensing (EXPORTS) field program, which is designed to "develop a predictive understanding of the export and fate of global ocean primary production and its implications for the Earth's carbon cycle in present and future climates" (Siegel et al., 2015) . The EXPORTS program is planned as a 5-year program with its first research cruises scheduled to occur in 2018.
The biological pump is the term for the collective set of processes that maintain the vertical gradient in dissolved inorganic carbon, including processes such as net organic matter production, its export, and subsequent remineralization ( Fig. 1 ). Many of these processes involve physical (e.g., mixing of dissolved organic matter, gravitational settling of particulate material), chemical (e.g., changes in the solubility of dissolved organic carbon with temperature), and biological (e.g., repackaging of organic matter by grazing) aspects -for example, the formation of large, rapidly settling particles through aggregation involves the physical processes causing particles to collide, the biological production of sticky substances that promote adhesion once particles have collided, and the chemical nature of this stickiness.
This workshop focused on biological processes that substantially affect the functioning of the biological pump, particularly on organisms, processes, and technical and methodological advances that have emerged as potentially important players over the past decade. Workshop participants were charged with identifying and prioritizing research questions concerning Figure 1 . A schematic of the standard view of the biological pump in the center with representations of some of the high priority research areas identified in this report. In the standard view, phytoplankton in surface waters are consumed by zooplankton or form aggregates with other cells and fecal and detrital material. These larger particles sink and are degraded by biological activity as the settle through the water column. Research into food-web complexity and trophic interactions can identify and quantify new export pathways. Studies into the DOM-POM continuum map and quantify DOM subduction and composition, and the transformations between DOM and POM. Understanding and quantifying the controls on aggregation, disaggregation, and TEP formation will improve predictions of POM export. Studies on spatial and temporal scales will help quantify episodic events and improve predictive modeling skills.
biological processes that have the potential to significantly advance our understanding of the biological pump.
In September 2015, Benway, Burd, and Sieracki invited an organizing committee of eight scientists spanning a range of relevant disciplines and career stages to help with the organization of the workshop:
Heather This organizing committee developed a list of participants covering a wide range of career stages and relevant, varied, and complementary expertise (Appendix B); the number of participants was deliberately kept small, and by invitation, to facilitate the task at hand.
To efficiently identify research priorities, we employed the KJ method during the workshop (Appendix A). The KJ method allows groups to quickly reach a consensus on priorities of subjective, qualitative data. The organizing committee initially engaged in a "virtual" KJ session to arrive at five overarching KJ focus questions to be explored during the KJ sessions at the workshop. Within small (8-10 people) groups, workshop participants explored each of the following five KJ focus questions:
What would significantly advance our understanding of the following as they pertain to the biological pump and organic matter export?
KJ Focus Q1. Particle formation in the upper ocean and processes that drive export KJ Focus Q2. Mesopelagic flux attenuation and the biological processes that drive it KJ Focus Q3. Biogenic material: characteristics, bioreactivity, export, stoichiometry, episodic export events KJ Focus Q4. Microbial and viral processes and newly revealed biological pathways KJ Focus Q5. Food web, community structure, and trophic interactions.
Each of four groups produced 4-5 top ranked ideas for each KJ focus question. While there was considerable overlap among the top-ranked ideas from each participant group, a sixth KJ session was required to cull and further prioritize the collective set of ideas that had emerged from the previous KJ exercises. Workshop participants again split into four groups and ranked the collective set of top-ranking ideas from the previous five KJ sessions. Each group presented their overall top three priorities, some of which overlapped, in the end yielding 10 distinct priorities (Fig. 2 ).
In the final session, workshop participants voted individually on their choices of the top ideas that emerged from the sixth KJ session. This was done by allocating each workshop participant a fixed amount of fake money. Each participant distributed their allotment of money among the priorities, as they deemed appropriate. The ideas that received the most money were selected as the top broad research themes (a relative ranking is given for each research theme based on the dollar amounts that arose from this process scaled to a total value of 100). KJ v refers to the virtual KJ session that was used by organizing committee members prior to the workshop to identify KJ focus questions. There were five KJ focus questions (listed above) and workshop participants were broken into four groups, the membership of which changed each time to maximize participant interaction. A final KJ session (KJ 6 ) was used to cull and prioritize the collective set of ideas identified by the four groups for each KJ focus question, which yielded 3 top priorities for each group (for a total of 12 priorities). Finally, individual participants were given an allotment of money to invest in the final 12 priorities, resulting in the final three research themes.
The initial draft report was written by the organizing committee and then distributed amongst the workshop participants for their comments and input (May 23 rd 2016 -June 10 th 2016). Once these suggestions were incorporated, the report was made available to the broader community for their input (July 1 st 2016 -August 1 st 2016).
In the following sections of the report, the 8 highest priority items as determined using the KJ processes are presented in detail, aggregated under three main research themes. Each section includes a summary of the workshop discussions as well as a selection of specific research questions raised by the workshop participants and related to that topic.
Food Web Regulation of Export Introduction
Ocean biology plays a central role in regulating the net movement of carbon and bio-elements from the well-lit waters of the upper ocean into the dimly lit or dark waters of the ocean's interior. Although simple depictions of pelagic food webs provide a basic conceptual framework linking plankton community structure to organic matter export, such models generally fail, due to the absence of measurements to parameterize relationships or validate results, to distinguish the contributions of specific biological processes. For example, it remains largely unknown how major loss processes (e.g., viral infection, particle aggregation and sinking, zooplankton consumption) compare to one another or vary in space and time in the ocean. The major food-web pathways and biological controls on remineralization and organic matter degradation, fundamental to defining flux attenuation and export variability, are comparably unresolved. In addition, we lack basic information on the depth variability of processes and interactions that connect the upper ocean to the mesopelagic realm. Such knowledge gaps need to be filled to develop quantitative models to predict how the ocean's biological pump will respond to subtle or abrupt changes in ocean ecosystems.
Our understanding of the mechanisms underlying food-web regulation of elemental fluxes in the oceans is further challenged by new and continuing discoveries that highlight previously unrecognized metabolic flexibility, phylogenetic diversity, and complex interactions among the pelagic biota that drive these processes. Diverse modes of energy and nutrient acquisition, including photoheterotrophy and mixotrophy, are known to be important, but poorly resolved in terms of their net implications for trophic fluxes. In addition, various modes of symbiotic interactions are recognized to facilitate genetic exchanges (e.g., viral infection), catalyze nutrient and energy transfers (e.g., mutualism), and/or serve as loss terms balancing cell growth (e.g., parasitism), but are inadequately incorporated into our understanding of foodweb function. To date, there have been few efforts to quantify the relative roles and importance of such food-web complexities on export rates and efficiencies.
Food Web Regulation of Export was the highest priority research theme that resulted from the final KJ 6 session of the workshop. This research theme comprised the following priorities centered on the role of food webs in controlling the magnitude and efficiency of organic matter export:
• Linking food web complexity to export flux (13.5, ranked 1st) • Trophic interactions, behaviors, and metabolism of consumers (12.8, ranked joint 2nd) • Food web controls on production and respiration (12.8, ranked joint 2nd) • Identifying which organisms control remineralization (8.7, ranked joint 6th) • Ecological causes, drivers, and effects of vertical movement and migration (8.0, ranked 9th)
Linking food web complexity to export flux
Workshop participants identified several research areas to advance understanding of food web complexity and export, including the need for integrative studies that connect characteristics of "end-to-end" ocean food webs (food webs extending from viruses to top predators) to export efficiencies. Such studies might, for example, highlight current unknowns in assessing trophic structure and efficiencies leading to key consumers in the biological pump; regional and temporal variability in the fates of primary production; the relative importance of alternate food-web pathways leading to export (DOC, aggregation/disaggregation, fecal pellets, vertical migration) and their regulatory nodes and mechanisms; variability in growth efficiencies within food web, the export contributions of higher-level consumers that are not directly measured by sediment traps or other means (e.g., mass falls of gelatinous zooplankton, carcasses), and the depth-dependencies of processes and relationships that link surface waters to the mesopelagic. In addition, workshop participants expressed the need for studies evaluating how or whether variability in biodiversity and food web complexity (from microbes to top predators) impacts productivity and export. The well-known biodiversity maxima in open-ocean subtropical oligotrophic regions, where export is typically low, would suggest, for example, that diversity or complexity facilitates (or arises from) a more efficient coupling of production-grazing-remineralization processes within the euphotic zone, thereby minimizing export compared to more dynamic high-latitude systems. However, the specific contributions of alternate physiological or life-history strategies (e.g., mixotrophy, photoheterotrophy, symbioses, grazing or digestion-resistant clones, crustacean versus gelatinous zooplankton dominated systems, spatial heterogeneity microbial communities on particles) are poorly explored in comparative analyses of food web function. On a more practical note, it is also necessary for the advancement of future modeling efforts to establish predictable patterns of food-web structure with alternate export pathways and flux regimes, and to ascertain how many ecosystem states, structures, and fluxes are needed to characterize those relationships seasonally and regionally.
Some of the research areas and questions associated with this topic include:
• How is flux regime regulated by food web structure?
• Do changes in community structure alter export pathways in predictable ways?
• How do biodiversity and food web complexity affect export efficiency?
• How does food web structure regulate export mechanisms other than passive particle sinking? • How many ecosystem states describing food web structure and flux do we need?
Trophic interactions, behaviors, and metabolism of consumers (zooplankton, viruses, parasites, etc.) Trophic interactions in planktonic food webs, and the animal behaviors that mediate these interactions, are important controls on the biological pump. Furthermore, consumers drive export through production of sinking fecal pellets and via active transport during vertical migration, and their metabolism plays a key role in recycling of carbon, nitrogen, and other elements. Research into zooplankton feeding modes was highlighted, with detritivory being one mode that requires particular attention. The abundance and behavior of detritivores, as well as their feeding rates, control removal and recycling of sinking detritus. However, experiments to directly measure these rates are limited. Zooplankton behavior and life histories also affect the biological pump. Examples of the former include diel vertical migration and active transport, and of the latter include diapause of some copepod species in the mesopelagic zone, or the asexual reproductive stage of gelatinous zooplankton such as salps that permits rapid formation of a large grazer population. Rates of fecal pellet production (egestion) by different zooplankton species are also required. Finally, rates of grazer mortality (non-predatory and predatory) are needed.
Another area for investigation identified by participants was the role of viruses and infectious agents (e.g., parasitoids) in affecting the biological pump. Viruses are extremely abundant in seawater (10 times or more abundant than prokaryotic cells), infecting both prokaryotes and eukaryotes. There is strong evidence that viruses are actively infecting and lysing their hosts in situ, but linking viruses to their hosts is complicated by the lack of culturability of most hosts (and likely viruses). However, recent efforts to develop and apply single-cell, molecular-based approaches to identify host-virus pairs are promising (Brum and Sullivan, 2015) . Quantitative measurements in surface seawaters reveal that up to a quarter of the photosynthetically fixed carbon in the oceans is shunted to the DOM pool by virus activity. Additionally, the role of viruses in nutrient regeneration, particularly N and Fe, in surface seawaters is being increasingly recognized (Brussaard et al., 2008) . In contrast, little is known of virus influences on primary and secondary consumer populations at ocean depths and this is a critical area for future research. An understanding of the discrete factors that contribute to successful lytic viral infection, including host susceptibility, virus attachment to the host, and host molecular mechanisms that support viral progeny production, is essential to develop quantitative models of the viral role in marine food webs and the biological pump (e.g., demise of a phytoplankton bloom leading to an export event). Of equal importance is gaining an understanding of virushost dynamics and outcomes during non-lytic (e.g., lysogenic or latent) infections; evidence is emerging that viruses can modulate host physiology during latent infections. In addition, genebased studies increasingly highlight the relative dominance and diversity of parasitic eukaryotes. These organisms appear highly represented (often upwards of 60-80% of the total eukaryotic gene sequences) throughout the water column, yet we lack basic information on which organisms they infect, how they are transmitted, and their role in altering organic matter flux.
Some of the research areas and questions associated with this topic include:
• What are the trophic interactions influencing phytoplankton-predator interactions?
• How do zooplankton behavior (e.g., diel vertical migration) and life histories (e.g., diapause, asexual reproduction) affect export? • How do different feeding modes affect export?
• What are abundance, behavior, and feeding rates of detritivores, and how do these factors control removal and recycling of sinking detritus? • What are rates of fecal pellet production (egestion) by different taxa?
• What role do parasites (viruses, prokaryotes, and eukaryotes) play in plankton mortality, community composition, and partitioning and reactivity of organic matter? • Which organisms are most susceptible to parasitic infection and how do parasitemediated exchanges of genetic information influence ecosystem functioning and regulate biodiversity?
Food web controls on production and respiration
The balance between photosynthetically fueled production of organic matter and respiration is termed net community production (NCP). In steady state, export of organic matter (dissolved and particulate) balances NCP, hence, NCP should equal the sum of vertical and horizontal fluxes of organic matter out of the upper ocean. Evaluating the mechanisms underlying "tipping points" in the balance between production and respiration are fundamental to our ability to predict and model spatial and temporal variability in export (Karl and Church, 2014) . Over the past decade, there have been a number of important advances in our ability to measure rates of photosynthetic production, including several non-incubation-dependent methodologies and sensor-based measurements from autonomous sampling platforms (gliders, profiling floats, moorings). Such measurements include ratios of oxygen (O 2 ) to inert gases (e.g., O 2 :Ar or O 2 :N 2 ), oxygen isotope determinations (Δ 17 O), and evaluating in situ changes in dissolved O 2 concentrations. These approaches have enabled robust, higher frequency quantification of NCP and gross productivity, and have provided new insights into observed differences among methods. However, progress on developing methodologies for direct quantification of respiration has lagged, as have approaches to define the major pathways for organic matter production (e.g., dissolved versus particulate matter). As a result, complete understanding of processes that couple or decouple organic matter production and respiration, and the fate of this organic matter remain lacking. Moreover, the time and space scales appropriate for balancing export and NCP remain unclear; for example, sediment trap-derived sinking organic matter fluxes are often 2-to 4-fold lower than simultaneous estimates of NCP (Emerson, 2013) . Such results may reflect underestimation of vertical flux based on sediment traps due to the importance of dissolved organic matter (Carlson et al., 2004) , spatial heterogeneity in export (subduction features), animal falls and migratory losses not measured by traps, poor trapping efficiencies of sediment traps, or spatiotemporal decoupling in NCP and export. In addition, many of the methodologies for constraining NCP rely on measurements of O 2 and hence require conversion to carbon using poorly constrained stoichiometric ratios.
Ubiquitous meso-and submesoscale physical dynamics appear to decouple production, respiration, and export over short time and space scales and the impact of such high-frequency (episodic to seasonal scale) decoupling between upper ocean production and respiration on consumer production and metabolism remains largely unknown. Similarly, we currently lack information on the complexity and organization of remineralization and consumption processes that occur at small spatial scales (<1 meter), including patterns of succession in microbial colonization or particles, rates of and controls on enzymatic degradation of organic matter, and how the stoichiometry and energy content of available substrates influences consumer metabolism. Hence, examining temporal and spatial scales coupling productivity, respiration, organic matter remineralization, and export remain first order research priorities, as does research focusing on how organic matter export couples the biology of upper ocean to the physiology and metabolism of organisms in the ocean's interior waters. Episodic or event-scale export of organic matter reflects high-frequency decoupling in production and respiration. Such dynamics can be promoted by temporal variability in production, for example through episodic nutrient delivery to the euphotic zone via physical or biological processes; alternatively, such dynamics may reflect variations in consumer metabolism or community structure. Capturing these complex physical and biological dynamics requires integration of remote and autonomous observational tools with shipboard and laboratory experimental approaches that identify mechanisms and processes.
The workshop also highlighted the need for better integration of research linking food web ecology to biogeochemistry, in particular identifying gaps in our current understanding of the relationships between trophic transfer efficiencies, respiration, and export. There is limited information on the metabolic efficiencies of ocean plankton and how changes in food web structure and biodiversity might influence that efficiency and ultimately export. Conceptually, the prevailing notion is that shorter food webs should channel a larger proportion of energy and material to top predators and fuel greater export than relatively inefficient food webs containing numerous trophic linkages. However, this overly simple view does not include trophodynamically complicated processes such as mixotrophy, whereby organisms will consume organic matter for nutrition and energy, and also actively consuming inorganic nutrients (including carbon) and obtaining energy from harvesting of sunlight or oxidation of reduced inorganic substrates (Zubkov and Tarran, 2008) . Similarly, 'omics-enabled methodologies have revealed diverse and abundant chemoautotrophic microbes in the sea, particularly in the energy-poor meso-and bathypelagic waters. The metabolism and physiology of these organisms remains largely unknown, including only limited information on the types of substrates utilized to fuel their nutritional and energetic demands. Similarly, there is limited information to evaluate the extent to which the activities of these organisms control the vertical attenuation of organic matter and remineralization, and the extent to which these organisms interact with and depend on the suite of consumer organisms in the interior waters of the ocean.
Some of the research needs and questions associated with this topic include:
• What are the biological and physical tipping points that drive net ecosystem metabolism? • What role do symbioses (i.e., parasitism, mutualism) and mixotrophy play in net ecosystem metabolism? • How do meso-and submesoscale physical processes influence the coupling between production, respiration, and export in the upper ocean, and how does episodic restructuring of the upper ocean biology influence mid-water consumer physiology and metabolism? • Coupled measurements of production and respiration across multiple scales • What substrates fuel chemoautotrophy and how do these metabolisms influence organic matter attenuation?
Identifying which organisms control remineralization
A key topic that emerged in the workshop was the understanding of biological processes affecting the attenuation of sinking particles with depth. Mesopelagic zooplankton may modify the sinking particle flux by ingesting sinking POC and remineralizing it to CO 2 , 'repackaging' it into fecal pellets with different sinking rates and organic content (Wilson et al., 2008) , or fragmenting sinking POC into smaller non-or slower-sinking particles (Goldthwait et al., 2004) . Bacteria secrete exoenzymes that solubilize and transform POC into DOC, which is remineralized to CO 2 , and that also leads to particle fragmentation. The relative importance of these processes and the extent to which the supply of organic matter to depth can satisfy zooplankton and bacteria metabolic requirements requires further study Giering et al., 2014) . Two of the areas workshop participants prioritized as requiring research included ecology of gelatinous zooplankton, and bacterial remineralization. Highlighted areas for research on gelatinous zooplankton (or 'jellies') were considerably broader than remineralization per se, and included the role of gelatinous filter feeders (e.g., salps, appendicularians) in consuming and repackaging suspended or sinking particles into fast sinking fecal pellets, affecting attenuation. Data on gelatinous zooplankton community structure are needed, especially in the mesopelagic zone. Trophic interactions between gelatinous zooplankton and other organisms also need investigation, such as what animals prey on gelatinous zooplankton, the role of gelatinous zooplankton as hosts for parasites, and interactions between jellies and microbes (i.e., production of mucus or DOM by jellies supporting bacterial production). The fate of large bloom-forming gelatinous zooplankton, and the role of these relatively large zooplankton in export were also questioned.
A number of studies show that bacterial remineralization alone could be responsible for the attenuation in sinking POC with depth (Herndl and Reinthaler, 2013) . However, there are uncertainties remaining that affect these estimates that were highlighted in the workshop, including bacterial growth efficiencies, new approaches to measurements of microbial production and respiration, and rates of enzymatic degradation. Bacterial colonization of particles and the need for whole community respiration measurements were also noted, as were the need for better constraint on the stoichiometry of bioreactive components of particulate and dissolved organic matter. Finally, the need for studies integrating quantification of organic matter decomposition and nutrient remineralization with functional diversity of microbes that catalyze specific degradation processes was highlighted.
• What is the relative importance of the different processes by which bacteria and zooplankton affect attenuation of sinking particles in the mesopelagic zone? • What is the role of gelatinous filter feeders in controlling export?
• What are the trophic interactions between gelatinous zooplankton and other organisms (including predators and parasites, and interactions between jellies and microbes)? • Rates of microbial remineralization and organic matter degradation • Methodologies for measuring microbial respiration and quantifying microbial growth efficiencies, and identification of processes regulating growth efficiencies • Mechanistic studies linking biodiversity to material export
Ecological causes, drivers, and effects of vertical movement and migration
Diel vertically migrating zooplankton and fish play an integral role in the biological pump by feeding in the surface waters at night, and metabolizing this ingested particulate organic matter in the mesopelagic zone during the day (e.g., through respiration of CO 2 , excretion of both dissolved inorganic and organic matter, and egestion of POM as fecal pellets at depth). Seasonal or "ontogenetic" vertical migrations are also particularly important in active transport in higher latitude regions. Export by vertical migration is commonly referred to as "active transport" to distinguish this process from the passive sinking of POM. A number of research areas needed to advance our understanding of active transport by diel and seasonal vertical migration of zooplankton and fish were identified by workshop participants. These include studies of species composition and biomass of migrators, the spatial variability of active transport and the degree to which migrating zooplankton act as a "vertical shunt", exporting organic matter not measured by sediment traps. Studies addressing active transport by mesopelagic fishes (myctophids and others) are very limited (Davison et al., 2013) and will be required to understand the relative magnitude of zooplankton compared to fish active transport, and even more broadly the overall contribution of these higher trophic levels to export via the biological pump. The influence of fish predation on zooplankton vertical migration and distribution was also noted, as rates of mortality of diel vertically migrating zooplankton at depth is still largely unknown.
Some of the research areas and questions associated with this topic include:
• What is, and what controls, the species composition, vertical distribution, biomass of migrators, the spatial variability of active transport by diel and ontogenetic vertical migrations? • What is the contribution of mesopelagic fishes to active transport, and how does this compare to zooplankton? • What are the rates and causes of mortality at depth of migrating zooplankton?
The Dissolved-Particulate Continuum Introduction
Marine organic matter (OM) exists in a size continuum ranging from colloidal fibrils, through gel particles up to hundreds of microns long, to large marine snow particles (Verdugo et al., 2004) . The distinction between dissolved organic matter (DOM) and particulate organic matter (POM) is operationally defined and depends on the pore size of the filters used to separate the two pools. However, both pools contribute to the biological pump though their fates may differ appreciably -e.g., particles may aggregate, be consumed by animals, and sink. Exudation by phytoplankton, viral lysis, or zooplankton feeding releases fresh DOM into the marine environment.
Our understanding of the biological and abiotic processes influencing organic matter transformation, distribution, and fate in the ocean is in its infancy, largely because of the complexity of these interacting processes and the complexity of organic matter composition. The methodological challenges of characterizing marine organic matter that exists at very low concentrations, and in the presence of high salt content adds further complexity.
The cycling of organic matter, especially the formation of gel-particles and their role in carbon cycling, and more broadly the rates of transformation between particulate and dissolved phases are largely unconstrained. However, the importance of gel-particles such as TEP for aggregation and gravitational sinking of organic matter is generally acknowledged. This was recognized by the workshop participants, and organic matter cycling was identified as a key area for future research needs.
Dissolved-Particulate
Continuum was the second most important research theme that resulted from the final KJ 6 session of the workshop. This research theme comprised the following topics:
• DOM-POM continuum and transformations (10.0, ranked 5th); • Physical and biological controls on aggregate and TEP dynamics (8.7, ranked joint 6th) • Particle composition and sinking (8.3, ranked 8th).
DOM-POM transformations
One of the central issues of the DOM-POM continuum and transformations concerns the formation of gel-particles (nano-gels, micro-gels, TEP, CSP: Comassie Stainable Particles) from macro-molecules, which are produced by a variety of organisms (Passow, 2002) . What conditions lead to the exudation of these substances and what are their functions? What characterizes macromolecules that form gel particles, and when and by whom are they produced and released into the water? Which biotic and abiotic factors determine the formation rate of gel-particles from such macromolecules and the equilibrium between gel particles and dissolved precursors? The relationship between the pool of transparent exopolymer particles (TEP) and Coomassie stainable particles (CSP), which are polysaccharideand protein-rich particles, respectively, is also unknown, although differences in their dynamics suggest that both differ in many aspects. It is furthermore uncertain which fraction of the marine DOM pool is included in the gel-particle-precursors continuum. Are these elusive gelsubstances important mostly because they are essential for aggregation and gravitational settling flux of solid particles, or do they themselves contribute significant amounts of organic carbon? An understanding of the formation mechanisms of gel-particles is required to predict their role in the marine carbon cycle.
Another key issue discussed within this first subtopic was the question of how much DOM is subducted in different regions of the ocean. The contribution to the biological pump from the downward transport of non-sinking carbon via subduction is largely unconstrained, both globally and regionally (Passow and Carlson, 2012) . Sinking particles contribute to the sequestration of carbon (i.e., its removal from the atmosphere on timescales of centuries to millennia) only if they sink rapidly enough to transport organic matter below the mesopelagic zone before being recycled. The bioavailability of organic matter is a crucial constraint on this. For example, organic matter recalcitrant to one microbial community may become available when exposed to another. This means that subducted DOM may be utilized rapidly at depth, even if it remained in the surface layer for months. DOM that is recalcitrant on a timescale of 100 years should be considered sequestered, regardless of its depth distribution. An interesting new hypothesis, the microbial carbon shunt (Jiao et al., 2010) predicts an increase in the average age of the recalcitrant DOM in the ocean. Although it is important, this hypothesis is challenging to test because the oceanic recalcitrant DOM pool is very large compared to potential changes.
Many suggestions addressed the need to characterize marine organic matter (OM), with the goal to relate specific characteristics to function, fate and behavior. It was suggested that marine organic matter needs to be described in terms of its:
(i) chemical and molecular composition, (ii) bioavailability and lability (e.g., photolysis), (iii) physical characteristics, e.g., dissolved, single particle or aggregate and associated properties like size, density, porosity and sinking velocity (or buoyancy), (iv) ability to interact with other particles (reactivity, stickiness, surfactant properties, potential for absorption), and (v) microenvironment in the case of aggregates (e.g., micro-gradients).
The potential fate of organic matter depends not only on its own characteristics, but also on external factors such as microbial transformation of the material, O 2 concentrations etc. Biological factors such as viruses, parasites, and symbiotic relationships all potentially play a role in determining the fate of organic matter by altering the export pathway taken by organic matter (e.g., viral lysing of bacterial cells) or affecting the behavior of organisms. However, to date we have only a vague idea of what those roles might be, and understand less about their drivers and their overall importance to organic matter export. Complicating factors include possible relationships between particle type and composition (e.g., presence or absence of minerals) and microbial degradation and zooplankton grazing. These relationships indicate the strong relationship between the POM-DOM continuum, food web structure, and spatialtemporal variability.
Rates of transformation between particulate and dissolved organic matter remain largely unconstrained. These rates are tied to the rates of production and consumption of both particulate and dissolved organic matter, which will change as both pools become less labile over time and with depth in the oceans. New and emerging 'omics tools can help cast a light on biological processes that consume and transform POM and DOM.
Suggested research areas for this topic include:
• TEP and micro-gel formation • Quantifying and mapping subduction of DOM, and DOM export in general • Understanding the formation and roles of exopolysaccharides and exudates • Understanding the transformations between dissolved and particulate organic matter • The relevance of gel formation to the DOM-POM continuum and export
Physical and biological controls on aggregate and TEP dynamics
Aggregation of small, slowly settling particles into larger, rapidly sinking ones has long been recognized as a key process in organic matter export from the surface ocean. Questions involving the dynamics of aggregation/disaggregation and the biological controls on these processes consistently arose during the KJ-sessions.
We have a basic understanding of the physical processes (Brownian motion, fluid shear, differential sedimentation) that bring particles together to form aggregates. However, we lack a similar understanding of the processes that break up particles (Burd and Jackson, 2009 ). We know that fluid motions can break apart particles, as can swimming organisms, but we lack a mechanistic understanding of how these processes affect particle size distributions and fluxes as well as the ability to model them accurately.
Most research on aggregation has concentrated on the physical processes leading to particle collisions, but biological aggregation (e.g., fecal pellet production, discarded mucus feeding structure) is also important and we do not understand what controls the relative importance of these process types. Grazing by zooplankton aggregates small food particles into larger, faster settling fecal pellets, with the sinking rate dependent on the species of zooplankton among other factors. Discarded feeding structure, such as larvacean houses, can also be thought of as aggregation agents, and in some regions can contribute as much as 50% of the POC reaching the sea floor. The contribution of these biological aggregation processes to the biological pump will change with community structure and, possibly with climate change; for example, fecal pellet fluxes have been found to be negatively correlated with indices of climate variability (Wilson et al., 2008) .
New and evolving technologies present opportunities for significantly advancing our understanding of aggregation processes. Imaging systems -conventional camera, laser, and holographic (Stemmann and Boss, 2012; Jackson et al., 2015) -and ROVs provide sources of new, detailed information about the types and sizes of particles that contribute to the biological pump. In addition, they can potentially address questions about the interaction between organisms and particles in the water column, providing insight into particle transformation processes. Most flux attenuation typically occurs within 50-100 m of the euphotic zone. However, processes of particle aggregation, transformation, and destruction are not separated by depth but instead they co-occur and the relative magnitude of their rates changes with depth. Consequently, these processes cannot be studied in isolation from each other.
The biological drivers and controls of particle stickiness represented a consistent sub-theme. The high stickiness of TEP make them an essential ingredient of the particle aggregation process, as well as the disaggregation process; more cohesive particles are less likely to break apart. However, stickiness is not necessarily constant, though our understanding of the biological processes (e.g., organism physiology, species producing TEP) and chemical and physical properties (salinity, pH, trace metal concentration) that control stickiness is in its infancy. Even though it is acknowledged that TEP is important for particle aggregation, its specific role remains unclear. For example, does TEP enhance aggregation through its stickiness alone, or does it add to the number of particles present and thereby increase collision frequencies?
Heterotrophic bacteria are known to produce, utilize or alter TEP, separately or in concert with autotrophs (Simon et al., 2002) . However, results from these individual studies often appear contradictory, emphasizing that a general framework for the role of bacteria in regulating stickiness or TEP production, and their net effect on aggregation, is lacking. For example, it is unclear if the TEP matrix of aging aggregates is degraded leading to the disintegration of aggregates, or whether the bacterial activity increase the cohesiveness of aggregates, stabilizing them with age. Aggregates are considered hot spots of activity, with complex communities developing; the need to understand these micro-ecosystems and their impact on flux was raised both within this topic and within the topic focusing on food webs. For example, do flagellates control bacteria within aggregates?
Models of particle aggregation generally represent only the physical processes that bring particles together and vary in complexity depending on the number of size classes they depict. Participants thought that both physical and biological processes of aggregation and disaggregation need to be included in models so as to improve predictions of POM export from surface waters and its utilization as it sinks through the water column.
Research topics and questions that were highlighted as important in this area included:
• Mechanisms and relative roles of particle aggregation and disaggregation • What regulates particle stickiness?
• How does TEP facilitate particle aggregation?
• What is the contribution of bacteria to TEP production?
• Does bacterial activity increase or decrease particle aggregation?
• Understanding biological vs. physical controls on aggregation
Particle composition and sinking
Particle sinking velocity is a crucial factor determining POM export in the ocean. At a hypothetical constant degradation rate, sinking velocity (e.g., time in the water column before reaching sequestration depth) determines the fraction of carbon sequestered (Passow and Carlson, 2012) . Sinking velocity of a spherical marine aggregate depends to a large degree on its size, but also on its excess density and porosity. However, in situ large marine aggregates are rarely spherical and little is known about in situ sinking velocities. Does sinking velocity of aggregates change with depth and age, and if so, how? Typical sinking velocities of aggregates at depths are often cited to be of the order of 100 m d -1 , but for some particles can be an order of magnitude higher. What is more, ascending marine snow particles have also been observed, but very little is known about the mechanisms leading to their formation or how frequently they occur. Clearly, a better understanding of sinking velocities of aggregates as a function of their composition and size is needed, along with an understanding of how various decomposition processes alter particle density.
In general, we have been unable to find a universal relationship between particle sinking rate and particle size, indicating that other factors also play a strong role. Particle composition (and hence excess density) is an obvious factor, but currently there is only piecemeal knowledge that TEP content can decrease sinking velocities, whereas mineral content may either decrease or increase sinking velocity, depending on how it affects particle size and excess density. If composition does play a significant role, then as particles age and their composition changes (for example, through microbial degradation), then it is likely that their sinking velocity (and hence particle flux) will also change.
Sinking velocities also determine the rates at which sinking particles interact with organisms in the surrounding water column. Rapidly sinking particles (hundreds of meters per day) can reach the seafloor relatively intact and not heavily degraded, indicating that sinking velocity may affect grazing efficiency and the connection between the surface, mesopelagic, and bathypelagic food webs.
Research areas that were highlighted under this heading included:
• Size distribution of sinking particles • Quantifying and understanding the role of the TEP fraction within sinking aggregates • Relationship between elemental stoichiometry and particle sinking speed.
• Do particle size-sinking rate relationships hold across particle types?
• Relationships between phytoplankton taxa and particle composition to particle density, sinking speed, and fate
Variability in Space and Time Introduction
The strength, efficiency, and nature of the ocean's biological pump are known to exhibit large variability over a range of spatial and temporal scales. This variability is driven by a combination of physical, biological, and chemical processes. Advances in remote sensing capability and modeling have increased our understanding of the physical drivers of variability, but our understanding of the biological drivers remains poor. Understanding this variability and what drives it is critical to assessing the biological pump's impact on the air-sea balance of carbon dioxide and our understanding of local to global biogeochemical cycling. Despite its importance, our understanding of the organic matter export and sequestration is largely based on a limited collection of heterogeneous studies conducted at specific times and locations. In comparison to our ability to monitor the state of ocean temperature and salinity with ARGO floats, mooring arrays, and satellites, methodological limitations make it difficult to capture the variability in biological processes that occur on scales of micrometers to ocean basins. In particular, we have a very poor understanding of episodic export events, their frequency, magnitude, ecological attributes and triggers, as well as their integrated effect over larger spatial and temporal scales.
Variability in Space and Time was the third high-priority research theme that resulted from the final KJ 6 session of the workshop. This research theme comprised the following topics:
• Episodic Events-quantification and biological understanding (12.4, ranked 4th) • Scales of Spatial and Temporal Variability (4.6, ranked 10th)
Episodic events
Workshop participants identified episodic biological events and their associated transfer of organic matter to depth as a priority research area. Measurements of vertical organic matter flux in the oceans have provided generalized descriptions of annual patterns of flux and processes underlying these patterns. However, time series measurements often provide serendipitous evidence for strong episodic pulses of sinking particulate organic matter and mass deposition events of phytodetritus or the carcasses of gelatinous zooplankton. Such events imply decoupling in biological processes that produce and consume organic matter, but often it is difficult to disentangle whether such events result from decreased consumption or accelerated production. For example, high flux events could be triggered by compositional shifts in phytoplankton taxa or size, or could result from changes in the structure and metabolic demands of the mid-water consumer community. The underlying triggers for these mechanisms are likely to be very different. Schools of fish or swarms of zooplankton can also accelerate the local fluxes of particulate matter to depth in a highly heterogeneous manner through the production of fecal pellets
Most existing observational systems are not well suited to studying event-scale dynamics that, by their very nature, are short-lived and presently unpredictable. Therefore, methodological developments and improved observational efforts are required to capture these transient features of the biological pump. Most information on episodic fluxes in the water column are either purely serendipitous, or come from long-term time series. Some regions of the ocean are known to support seasonally high populations of gelatinous zooplankton, but we have little knowledge of the global distribution of such regions. Similarly, shifts in phytoplankton composition, for example proportional increases in the biomass of diatoms, can result in episodic to seasonal-scale increases in export. In some cases these upper ocean compositional shifts can be subtle, without large perturbation to upper ocean biomass, and hence such features can escape detection by remote sensing.
Understanding processes underlying episodic export events requires an integrated biological, geochemical, and physical observational approach. At the meso-and submesoscale, triggers of export could include subduction or mixing of organic matter out of the euphotic zone, or upwelling/downwelling of isopycnal surfaces. Such physical processes can alter vertical supply of nutrients or displace isolume surfaces, resulting in spatiotemporal imbalances in organic matter production and consumption. Alternatively, atmospheric deposition of nutrients or supply of nitrogen to the upper ocean via nitrogen fixation can also result in episodic export. Hence, there is need for studies identifying the time scales over which perturbations to upper ocean physics and biology are linked to event-scale removal of material to the deep sea.
The remineralization rate of exported organic matter helps determine the length of time the organic material is sequestered in the oceans. Episodic events can inject large quantities of fresh organic matter into the deep ocean. For example, typical sinking speeds of particulate organic material are of the order of 100 -150 m d -1 , but salp carcasses and fecal pellets can sink at speeds in excess of 1000 m d -1 . Consequently, this material can arrive at the deep benthos in a fresh state, affecting deep ocean ecosystems. Understanding the compositional nature (e.g., stoichiometry, mineral content, taxonomic and genetic identity of organisms) of material sinking in episodic events can help us better understand why the material escapes degradation, how its input alters deep-ocean ecosystems, and how event-scale processes impact ocean carbon sequestration.
Traditionally, our understanding and estimates of organic matter export are largely based on sediment trap data, radiotracer information, or are modeled derivations from satellite surface chlorophyll estimates. New approaches for measuring net community production are increasingly being used to constrain estimates of export. Scaling these observations to obtain regional and global estimates of organic matter export will neglect, or potentially underestimate the contribution of episodic events which can be inherently non-linear. Therefore, in addition to new methodological developments and observational efforts, modeling exercises and sensitivity studies will be required to scale up from the observations and assess the integrated importance of such episodic processes. Moreover, numerous independent approaches indicate that sediment trap-derived fluxes underestimate organic matter export, particularly during high-flux periods. Given the dependence of global carbon models on the vertical attenuation of organic carbon flux in the ocean, there is a pressing need to develop new observational tools that capture spatiotemporal variability in the magnitude of flux and remineralization length scales associated with flux events.
Episodic export events can be driven by both physical and biological processes. Recent advances in submesoscale modeling have allowed advances in our understanding of the physical drivers. The biological drivers of episodic export events, however, remain poorly understood and need more research attention. Many different food web components may be involved in initiating large pulses of exported dissolved and particulate organic matter. In addition, interactions between different ecosystem components may be important in determining the timing and intensity of such pulses. For example, one open question is what role do viruses or other parasitoids play in the initiation of phytodetrital export events? Similarly, it remains unclear whether or how such events influence the metabolism of organisms living in the ocean's interior waters. Efforts are needed to identify the ecological traits that promote strong episodic fluxes of organic matter into deeper waters, the organisms involved (e.g., fish, gelatinous zooplankton, diatoms, diazotrophs), and to characterize the different types of episodic events (e.g., jelly fall events, fecal pellet flux events) that occur.
Some of the specific research questions and areas that repeatedly arose concerning this topic include:
• Capturing and quantifying the frequency and intensity of episodic export events and estimating their importance on a global scale. • How do episodic export events structure ecosystems throughout the water column and what ecosystem traits or characteristics lend themselves to episodic flux events? • The development of models that describe episodic events -modeling was seen as useful tool to examine biological processes affecting organic matter export across all time and space scales. • What are the contributions of fecal material versus dead and living organisms to flux events, and how do these contributions vary in time and space? • How biologically reactive is organic matter associated with these events, and how/why does it escape consumption? • How will climate change affect the spatial and temporal distributions of episodic events?
• What are the biological drivers of episodic events?
Scales of spatial and temporal variability
Export of organic matter from the surface ocean occurs over a wide range of spatial and temporal scales and workshop participants felt that there is a need to quantify and understand the variability of the biological pump across all relevant spatial and temporal scales. Physical processes, such as the formation of fronts and eddies, are well known to induce meso-and submesoscale spatial and temporal variability in export flux (e.g., Omand et al., 2015) . The biologically-driven processes that lead to export span many orders of magnitude in scale from particle aggregation and organic matter remineralization (micron to cm scales) to near-basin scale blooms (10s of km, weeks).
Factors affecting the spatial and temporal scales pertinent to biological process that drive export of organic matter are not always well understood. This is partly because of the challenges in making observations on the relevant scales, and also that these processes are inherently coupled to other processes occurring at different scales. For example, aggregation depends on the stickiness of particles (Burd and Jackson, 2009) , which is in turn a function of community composition (e.g., Kiørboe and Hansen, 1993) . Export of organic matter from the upper ocean should be balanced by import of material (e.g., nutrients) over appropriate time and space scales. However, the physical (e.g., mixing or upwelling) and biological (e.g., nitrogen fixation, vertical migration) processes that supply nutrients to the upper ocean can vary independently over a range of time and space scales. Similarly, there is little known about variability in processes that transform organic matter in the ocean. For example, the quantitative role of viruses in the transformation of particulate material to dissolved organic matter, which may have different modes and scales of export, remains largely unknown. Consequently, multi-scale observational studies will be necessary to assess the magnitude of variability that exists at spatial scales ranging from microns to ocean basins. Dominant modes of variability in export must be linked with the physical, chemical, and biological drivers that influence them.
Understanding the scales of both temporal and spatial variability of organic matter export will help improve regional and global estimates of export, and how climate change might influence them. As with episodic events, a better quantitative understanding of spatial and temporal variability in export (and the biological processes affecting it) will provide more accurate scaling of local observations of export to regional and global estimates. Similarly, modeling exercises have revealed that the regional distributions of particulate matter fluxes and remineralization rates are key determinants in the sequestration efficiency of the biological pump, yet the current observational evidence does not allow us to adequately map these regional patterns and assess how they vary with time. These relationships become important in understanding how changes in climate and ocean food webs may impact the patterns and strength of the biological pump, and how those changes can result in biological, biogeochemical, and climate feedbacks throughout the earth system.
Some of the research areas associated with this include:
• How does climate change affect the spatial and temporal variability of organic matter export? • How do scales of physical process such as mixing affect species interactions (e.g., grazerphytoplankton interactions) and how are these reflected in scales of organic matter export? • How temporally and spatially variable is export and what combinations of tools are best suited to capture that variability? • What are the spatial and temporal scales relevant to gelatinous zooplankton and their effect on export? • How does climate change affect exudation and what are the ramifications for export of organic matter?
Appendix A: The KJ Technique
The KJ technique was developed by the Japanese anthropologist Jiro Kawakita for analyzing and ranking large quantities of disparate information. As a group activity, the KJ-technique allows for rapidly arriving at a consensus choice of priorities. The advantages of the technique are that it minimizes the potential for a few individuals to monopolize the conversation and allows the group to work both creatively and critically in a productive fashion. Although the technique is typically used in managerial or design-based settings, its original use was in organizing and prioritizing ideas developed from large bodies of information; this made it a good choice for the workshop. One of the interesting characteristics of the KJ-technique is that, in general, different groups of individuals tend to independently arrive at similar priorities for the same problem.
Workshop participants were divided into four groups, with group composition changing for each KJ focus question. At any one time, all four groups considered the same focus question (see Workshop schedule, Appendix C). The expectations were that each group would arrive at broadly similar priorities, but if they didn't, the diversity of ideas that emerged would be beneficial. Four KJ facilitators (Paula Bontempi, Lisa Clough, Mike Sieracki, Cynthia Suchman) were chosen (one for each group) to lead each group through the KJ sessions.
Within in each focus question, the sequence of the KJ technique was broken down into the following steps:
Step1: Brainstorming (quiet activity, minimal discussion) -approximately 10 minutes during which participants wrote ideas on yellow sticky notes Step 2: Grouping of similar Ideas (quiet activity, minimal discussion) -approximately 5 minutes, during which the yellow sticky notes were sorted into similar groups Step 3: Assign Names to Groups (quiet activity, minimal discussion) -approximately 5 minutes during which overarching names were given to each group using different colored sticky notes Step 4: Vote for the top three groups (quiet activity, minimal discussion) -approximately 10 minutes during which each participant individually ranked the groups Step 5: Rank the most important groups (group activity with discussion) -30 minutes during which overall ranking was conducted and groups could be merged, split or changed At the conclusion of each KJ session, all participants gathered and one individual from each group reported out on the outcomes of their KJ session. These were recorded (Appendix D) and used for the final prioritizing session. 
